Abstract. This study evaluated the clinical features, treatment strategies and outcomes of solid hemangioblastomas in 28 patients diagnosed with hypervascular lesions in the posterior fossa. Preoperative embolization of the feeding arteries had limited effects, with only 7 patients benefitting from it for the reduction of intraoperative hemorrhage. The tumor was completely removed in all patients, and 22 patients had a full recovery, while 6 patients, all of whom had van Hippel Lindau disease, developed recurrences. The present study demonstrated that meticulous en bloc surgical resection was the optimal treatment for solid hemangioblastomas of the posterior fossa. For large tumors, preoperative embolization was critical for preventing postoperative morbidity. Given the improvements in microsurgical techniques and the understanding of the tumor vascular pattern, total tumor removal associated with a low mortality rate could be achieved.
Introduction
Hemangioblastomas of the central nervous system (CNS) are abundantly vascularized and benign neoplasms that are most commonly diagnosed in adults. They account for 1.5-2.5% of all intracranial tumors and for 7-12% of all posterior fossa tumors (1) (2) (3) . Of all hemangioblastomas, 60-75% occur sporadically and 25-40% have a von Hippel-Lindau disease (VHL) background (4) . Since, generally, hemangioblastomas do not metastasize, the World Health Organization categorizes them as grade one CNS tumors (4) . Hemangioblastomas are either round or oval and have sharp boundaries and smooth contours. The majority of hemangioblastomas (70-75%) have cystic or multi-cystic forms (4) . These forms occur predominantly in the cerebellar hemispheres, while the solid forms of hemangioblastoma are found more frequently in the brain stem, cerebellar vermis and spinal cord (4) . For the cystic type, the cavity has to be opened to expose the tumor nodule, which can be then removed by en bloc resection (3). Solid tumors have characteristics similar to intracranial arteriovenous malformations (AVMs) (5, 6) .
Internal decompression and piecemeal resection have been shown to have potential devastating intraoperative complications (3) . Therefore, the safe resection of solid tumors involves a sequence of surgical techniques, including preoperative embolization, wide exposure and circumferential dissection, which represent a challenge for the majority of neurosurgeons (3) . Early case reports suggested that the postoperative mortality and morbidity rates for posterior fossa tumors were ~50%, while the intraoperative mortality rate was 9% (2, 3, 5) . Generally, the high mortality and morbidity rates were closely associated with unsuccessful intraoperative hemostasis (7) . Since the introduction of diagnostic imaging and modern treatment methods, the mortality and morbidity rates of hemangioblastomas have decreased significantly (8) . The main risk factor for intraoperative hemorrhage is the tumor size, such that the surgical treatment of large solid hemangioblastomas remains relatively difficult (8) . In our previous study, surgical resection was proposed as the optimal treatment for large tumors of the posterior fossa (8) .
This study presents the results of microsurgeries performed between 2010 and 2014 on 28 patients with posterior fossa hemangioblastomas, and demonstrated that, with improved techniques and a better understanding of the vascular pattern of these tumors, total microsurgical removal can be performed with a relatively low mortality. Selective preoperative endovascular embolization of the feeding artery with subsequent en bloc tumor resection was shown to be the preferred procedure to reduce the risk of intraoperative hemorrhage and facilitate the removal of large solid tumors. However, embolization remains controversial, given its associated risks, including ischemia, bleeding and increased intracranial pressure (3). 
Patients and methods
Patients. This retrospective study included 28 consecutive patients with confirmed posterior fossa hemangioblastomas, treated between January 2010 and September 2014 at the Renji Hospital (Shanghai, China). Only patients with surgical treatment were included in this study. The therapeutic approach in all cases was surgical resection with or without preoperative endovascular embolization. Of the patients, 17 were males and 11 were females, with an age range of 15-85 years and a mean age of 40 years. In total, 21 tumors were sporadic and 7 were associated with VHL disease. The course of the disease ranged from 1 month to 4 years, with a mean disease duration of 1 year. All patients had varying degrees of intracranial hypertension symptoms (e.g. a headache); 9 patients had ataxia; 3 had diplopia; 2 had lower cranial nerve dysfunction; and 11 had preoperative hydrocephalus. The individual patient data are detailed in Table I .
Imaging and embolization. Brain computed tomography (CT) scans, magnetic resonance imaging (MRI) scans and digital subtraction angiography (DSA) were performed routinely for all patients. Tumors were divided into four types, based on their location: i) Type I was found in the cerebellar hemispheres and vermis; ii) type II was found in the cerebellar tonsil and lateral medulla; iii) type III was found in the fourth ventricle and brain stem; and iv) type IV was found in the superior vermis and dorsal midbrain. If the arteriography performed immediately following injection of the contrast solution (iopamidol) clearly indicated that the tumor had an abundant blood supply, selective embolization of the feeding arteries was performed preoperatively. The indication for preoperative embolization was decided on an individual basis, depending on the coagulation time of the feeding arteries when handling the nodule or the location of the nodule. All embolization procedures were performed by neuroendovascular specialists. The authors of the present study recommend that endovascular embolization be performed immediately or within 1 day of tumor removal, in order to avoid aggravation of edema in the tumor and the surrounding cerebellar tissue. However, if visualization by DSA was delayed, embolization of the feeding arteries was avoided. The feeding arteries could be divided into four types corresponding to the tumor classification: i) Type I was fed by the superior cerebellar artery (SCA), posterior inferior cerebellar artery (PICA) and anterior inferior cerebellar artery (AICA); ii) type II was fed by the AICA, PICA and meningeal branches; iii) type III was fed by the PICA; and iv) type IV was fed by the SCA and meningeal branches. A general examination was conducted for the 7 patients with VHL disease and revealed three instances of renal cysts and one of retinal hemangioma.
Surgical procedure. The blood supply of hemangioblastomas is mainly derived from meningeal branches and intracranial feeding arteries; tumors in the cerebellar tonsil, lateral medulla, superior vermis and dorsal midbrain are fed by meningeal branches (4) . During the early stages of surgery, the feeding arteries can be divided based on the various surgical approaches: The suboccipital ipsilateral approach, modified far-lateral approach and suboccipital midline approach were applied to tumor types I, II and III, respectively. Tumors, identified by microscopy intraoperatively, appeared as superficial racemose hemangiomas with a bright or dark red coloration. Intraoperative microvascular Doppler ultrasonography distinguished feeding arteries from draining veins. The authors of the present study believe that an early division of the draining veins may induce local swelling and influence the surgical procedure, and, therefore, they should be approached after the majority of the tumor has been dissected from the peripheral tissue.
The surgical principle for hemangioblastoma is similar to that for AVM (6) . Total removal of the tumor is vital, and, thus, cleavage of the main draining veins, which are extremely dilated, should be performed at the very last moment. Surgery was performed under the principle that feeding arteries should be distinguished first and draining veins should be ligated last. The blood supply to the tumor was interrupted prior to resection, and complete resection was performed after the peripheral tumor tissue had been dissected (avoiding resection within the tumor). Finally, the draining vein was ligated. As internal decompression may cause uncontrollable bleeding (6), en bloc resection was carried out even for relatively large tumors. At the end of the operation, any bleeding was carefully handled by careful coagulation.
Illustrative case. A 36-year-old man (case 27) presented at the Renji Hospital with headaches, cerebellar ataxia, nystagmus and hearing difficulty in his right ear. The patient had a 1-month history of nausea and vertigo prior to operative exploration via the lateral suboccipital approach at the local hospital. A hypervascular tumor was identified intraoperatively, and, given its abundant blood supply, the therapeutic approach was a ventriculoperitoneal shunt, with recommendation for further treatment.
CT and MRI scans at our hospital revealed an intense mass in the right cerebellopontine angle (CPA), measuring ~40 mm in diameter (Fig. 1A-C) . The cerebral angiogram showed a hypervascular tumor fed by the right AICA and PICA ( Fig. 2A) . The patient underwent preoperative embolization of the feeding artery following the routine diagnostic angiography. All endovascular procedures were performed under general anesthesia. A microcatheter was inserted into the tumor feeders and the glue was delivered under image acquisition. The angiogram following embolization revealed a 90% reduction in the tumor vascularization (Fig. 2B) . The day after embolization, complete surgical tumor resection was performed via a modified far-lateral approach (6). The embolized feeding arteries were visible as solid white vessels directly in the microscopic fields, which was useful for intraoperative orientation. The microcatheter failed to be withdrawn following embolization and was removed intraoperatively (Fig. 3) . MRI showed no residual tumor at 3 weeks postoperatively (Fig. 4) . The postoperative neurological examination did not reveal any neurological complication, such as facial palsy or auditory function and lower cranial nerve symptoms. Histological examination revealed typical hemangioblastomas consisting of numerous vessels, capillary mesh and stromal cells (Fig. 5) . Tumor cells were fixed by formaldehyde and embedded in paraffin. Slice diameter was 5 µm. Histological analysis of the tumor specimen stained with hematoxylin and eosin revealed 
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numerous vessels, a capillary mesh and vacuolated stromal cells, with large nuclei and an eosinophilic foamy cytoplasm with a light microscope. At a 6 month follow-up appointment, this patient's symptoms were markedly improved.
Results
Imaging results. The CT scans of the solid hemangioblastomas showed lesions that were either isodense or hyperdense, with clear margins. Enlarged feeding and draining vessels were visualized following contrast enhancement. The MRI scans showed low or isointense signals on T1-weighted MRI scans and relatively high signal intensities on T2-weighted MRI scans. In the majority of cases, abundant tumor feeding arteries that formed an intense vascular network around the mass were observed.
Patient outcomes. Preoperative embolization was achieved in 7 cases. The blood supply of the tumor was reduced significantly after embolization of the feeding arteries, without any related neurological deficits. In one case, the microcatheter could not be withdrawn following embolization and was removed during surgery. The tumor resection surgery was performed the day following embolization for all patients, in order to use embolized vessels as markers for intraoperative orientation. En bloc resection was performed for all 28 patients. Postoperative pathological examinations of the resected tumors confirmed that all were hemangioblastomas. Following surgery, 22 patients (78.6%) showed an improvement of the neurological deficit. Of the remaining 6 patients (21.4%), 2 showed neurological improvement or full recovery at the 3-month follow-up. Of the 7 patients with VHL disease, 6 presented with intracranial recurrences at other sites. There was no operative mortality. 
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Hemangioblastomas are pathologically benign neoplasms that originate predominantly from CNS tissues and should be completely removed. Clinically, about two-thirds appear as well-circumscribed cystic masses with hypervascular mural nodules (9) . Although there are no histological differences between the cystic and solid tumor subtypes (2), solid hemangioblastomas have an increased risk of excessive intraoperative bleeding and postoperative complications (10) . A careful strategy and a tailored approach should be considered for these cases. Based on our previous experiences, large solid subtypes are associated with a high surgical difficulty, given their AVM-like characteristics (7, 11) . Since most have the risk of uncontrollable intraoperative bleeding, they are hard to control, and thus, a preoperative intervention may be particularly important. Therefore, the present study aimed to reduce vascularization and achieve adequate operation space.
There are many ways to reduce the vascularization of a tumor. Kamitani et al (5) reported that radiosurgery at 9 months prior to a craniotomy significantly reduced the vascularization and subsequently enabled complete and safe tumor removal (5) . Radiosurgery is also the elected approach for patients with small tumors, for patients with underlying medical conditions incompatible with surgery and for patients with multiple tumors (2) . However, in a prospective study, Wan et al identified 2 patients with large hemangioblastomas who received γ-knife treatment, followed by surgery (8) . They found that these tumors remained highly vascularized at 6-12 months following γ-knife treatment. In addition, they reviewed a number of cases that received radiotherapy as an adjuvant postoperative treatment, and found that the long-term outcome of tumor control was mostly poor. Since hemangioblastomas are generally considered to be radio-resistant tumors, this highlights the importance of preoperative embolization. In 7 of our cases, preoperative embolization was performed after a preoperative evaluation of the blood supply by DSA. The present study found that, following embolization, the tumors became firm, with clear boundaries, and were easy to orient. As a result, intraoperative bleeding was significantly decreased, the surgery time was shortened and the likelihood of total tumor resection was increased, which is consistent with previous studies (3, 8) . However, preoperative embolization is associated with a high risk of cerebellar infarction and/or intratumoral hemorrhage, and makes the texture of the tumor tenacious, which increases surgical difficulty (12, 13) . No related complications occurred in any of the cases in the present study. Generally, embolization is suitable only for patients with definite tumor-feeding arteries, as shown by angiography, and only if it does not affect the normal blood supply (13) . The tumor-feeding arteries are often located deeply on both sides of the tumor, while the large draining veins typically arise from the tumor surface (13) . With careful observation, these vessels can be identified accurately during the operation and embolization can be performed with a high ratio of technical success, without permanent neurological complications.
Although 6-10% of all intracranial tumors are found in the CPA, the majority are vestibular schwannomas and meningiomas (9, 11) . Because of differences in the surgical strategies, differential diagnosis is crucial for safe tumor management. Hemangioblastomas generally have an intra-axial origin and are rarely found in the CPA (13) . To our knowledge, a very small number of patients with large hemangioblastoma in the CPA have been reported, and, of those, only 10 cases were presented in English literature (2, 7, 9) . One large tumor in the CPA was observed in one of the patients in the present study. The tumor was completely resected via a modified far-lateral approach. The embolized feeding arteries were visible in the microscopic fields during the operation as solid white vessels, thus becoming useful for intraoperative orientation. Postoperative MRI showed no residual tumor. Ataxia and nystagmus were not improved, but no newly developed cranial nerve deteriorations were observed. There were no operative complications.
Various approaches, including the suboccipital ipsilateral approach, the modified far-lateral approach and the suboccipital midline approach, have been used with or without preoperative embolization for the surgical resection of hemangioblastomas. About two-thirds of hemangioblastomas appear as well-circumscribed cystic masses with hypervascular mural nodules. Although there are no histological differences between the cystic and solid tumor subtypes, solid subtypes may require a more extended approach to achieve an adequate operation space (6, 11) . Dow et al (11) used the transcochlear far lateral approach in patients with large (>3 cm) solid hemangioblastoma in the CPA. This approach provided visual access that was wide enough to permit early control of proximal feeding vessels and to allow a safe circumferential dissection of the lesion (11) . For cystic hemangioblastomas in the CPA, Bush et al (9) removed the tumor via a translabyrinthine approach, as they first mistook it for an atypical cystic vestibular schwannoma. They suggested that, had an hemangioblastoma been considered, the suboccipital approach might have provided adequate exposure and potentially preserved the hearing of the patient (9) . Therefore, novel microsurgical techniques and a better understanding of the vascular pattern of this type of tumor have enhanced the surgical strategies for hemangioblastoma.
In conclusion, given the improvements in microsurgical techniques and the understanding of the tumor vascular pattern, en bloc surgical resection is the optimal treatment for solid hemangioblastomas of the posterior fossa. For large tumors, selective preoperative embolization of the feeding artery is critical for tumor removal associated with a low morbidity and mortality rate.
